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The open chromatin of embryonic stem cells (ESCs)
condenses into repressive heterochromatin as cells
exit the pluripotent state. How the 3D genome orga-
nization is orchestrated and implicated in pluripo-
tency and lineage specification is not understood.
Here, we find that maturation of the long noncoding
RNA (lncRNA) pRNA is required for establishment
of heterochromatin at ribosomal RNA genes, the
genetic component of nucleoli, and this process is
inactivated in pluripotent ESCs. By using mature
pRNA to tether heterochromatin at nucleoli of
ESCs, we find that localized heterochromatin
condensation of ribosomal RNA genes initiates
establishment of highly condensed chromatin struc-
tures outside of the nucleolus. Moreover, we reveal
that formation of such highly condensed, transcrip-
tionally repressed heterochromatin promotes tran-
scriptional activation of differentiation genes and
loss of pluripotency. Our findings unravel the nucle-
olus as an active regulator of chromatin plasticity
and pluripotency and challenge current views on
heterochromatin regulation and function in ESCs.
INTRODUCTION
The spatiotemporal organization of the genome has been recog-
nized as an additional regulatory layer of chromatin, important
for gene regulation and transcriptional competence (Gonzalez-
Sandoval et al., 2013; Splinter and de Laat, 2011). Pluripotent
stem cells such as embryonic stem cells (ESCs) are integral to
the study of genome organization (Gorkin et al., 2014). Although
ESCs organize their chromosomes into topological-associating
domains that are largely invariant between cell types (Dixon
et al., 2012; Nora et al., 2012), chromatin is generally less
condensed and largely devoid of compact heterochromatin720 Cell Stem Cell 15, 720–734, December 4, 2014 ª2014 Elsevier Inblocks compared to lineage-committed cells (Efroni et al.,
2008; Jørgensen et al., 2007; Melcer et al., 2012; Meshorer
et al., 2006). While ESC chromatin fibers occupy the entire nu-
clear volume, the highly compacted chromatin of differentiated
cells is organized into discrete domains leading to large regions
of the nucleus devoid of DNA (Fussner et al., 2010). Transcrip-
tionally inactive chromatin in ESCs is unusually disorganized
and tends to participate in fewer specific long-range interactions
than in differentiated cells (de Wit et al., 2013). These results are
consistent with a chromatin conformation that is particularly
malleable and transcriptionally permissive in pluripotent cells
and thatmay allowmaintenance of a plastic state for the different
transcriptional programs required for lineage specification (de
Wit et al., 2013; Gaspar-Maia et al., 2011; Gorkin et al., 2014).
Upon ESC differentiation, large-scale genome silencing takes
place and ESC chromatin undergoes structural remodelling
toward a highly condensed heterochromatic and transcription-
ally repressed form (Bhattacharya et al., 2009; Meshorer and
Misteli, 2006). These changes are also accompanied by alter-
ations of nuclear architecture such as formation of large orga-
nized chromatin regions enriched in the heterochromatic and
repressive histone modification H3K9 methylation (termed
LOCKs) (Wen et al., 2009), maturation and compaction of consti-
tutive heterochromatin (such as centric and pericentric repeats)
and clustering of highly condensed heterochromatin either at the
nucleolus or at the nuclear periphery (Aoto et al., 2006; Ba´rtova´
et al., 2008a, 2008b; Efroni et al., 2008). However, how ESCs
mediate the switch from a lower to a higher order chromatin
structure remains elusive and calls for studies aimed at under-
standing the mechanism and function of this process.
An important component of nuclear architecture is the nucle-
olus, the compartment where transcription of hundreds of
ribosomal RNA (rRNA) genes, rRNA processing, and ribosome
subunit assembly take place (Moss and Stefanovsky, 2002).
Clustering of highly condensed heterochromatin at nucleoli is a
phenomenon known to occur in all somatic cells, yet neither
the factors involved nor their physiological relevance is under-
stood. Previous studies have however started to define a
functional link between nuclear heterochromatin positioned
in proximity to nucleoli and rRNA genes (rDNA), the geneticc.
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TIP5 (TTF1-interacting protein 5, also known as BAZ2A) is
required for heterochromatin formation of a fraction of rRNA
genes through association with the long noncoding (lnc)RNA
pRNA, DNA methyltransferases (DNMT1, DNMT3b), histone de-
acetylase HDAC1, and poly(ADP-ribose)-polymerase-1 (PARP1)
(Guetg et al., 2012; Mayer et al., 2006; Santoro et al., 2002, 2010;
Zhou et al., 2002). pRNA is a 250–300 nucleotide transcript cor-
responding to main rDNA promoter sequences and originates
from processing of the 2 kb long IGS-rRNA (intergenic spacer
rRNA) whose synthesis is driven by an alternative rDNA promoter
located upstream of themain rDNA promoter (Mayer et al., 2006;
Santoro et al., 2010). TIP5-pRNA interaction is necessary to form
rDNAheterochromatin bymediating TIP5 nucleolar retention and
association with rDNA and PARP1 (Guetg et al., 2012; Mayer
et al., 2006). Depletion of TIP5 reduces silent epigenetic marks
at rDNA and heterochromatic centric and pericentric repeats,
and abrogates formation of condensed heterochromatic struc-
tures within and in proximity to the nucleolus (Guetg et al.,
2010). Strikingly, this structural organization closely resembles
the open chromatin of ESCs, prompting us to investigate if the
chromatin state of the nucleolus regulates ESC chromatin plas-
ticity and commitment to specific lineages.
RESULTS
Establishment of rDNA Heterochromatin Occurs during
ESC Differentiation
We profiled the epigenetic state of the nucleolus, at rDNA, in
ESCs and during differentiation into neural progenitor cells
(NPCs) that are Pax-6, Nestin, and brain lipid-binding protein
(BLBP) positive and do not express the pluripotency factor
Nanog (Figure 1A; Figure S1A available online). Previous work
showed that methylation of the two unique CpG dinucleotides
at the mouse rDNA promoter distinguishes heterochromatic
and silent rRNA genes from euchromatic, transcriptionally active
rDNA (Santoro and Grummt, 2001). We quantified silent rDNA by
measuring CpG methylation at rDNA promoter of ESCs, NPCs,
and mouse somatic cells from brain tissue using HpaII digestion
followed by qPCR, a method that accurately quantifies the
amounts of silent rDNA (Santoro et al., 2002). Consistent with a
previous bisulfite analysis (Schlesinger et al., 2009), rDNA pro-
moter in ESCs displays very low meCpG levels, confirming the
accuracy of our method. After 8 days of differentiation, a fraction
of rRNA genes (25%–30%) acquired CpG methylation at levels
comparable to brain tissue (Figure 1B). Similar results were ob-
tained with a different ESC line and differentiation protocol (Fig-
ure S1B), indicating that rDNA is de novomethylated during early
ESC differentiation. Consistent with these results, rDNA tran-
scription levels were similar in NPCs and mouse fibroblast NIH
3T3 cells and lower than in ESCs (Figure 1C). Remarkably,
rDNA methylation in induced pluripotent stem cells (iPSC)
decreased to about one half when compared to the original
fibroblasts (Figure 1D), implying a link between cell pluripotency
and rDNA methylation levels. Upon differentiation, heterochro-
matin-related histone modifications H3K9me2, H3K9me3, and
H3K27me3 increased at rDNA promoter and coding regions (Fig-
ure 1E; Figure S1C). In contrast, active histone modifications
such as H3K4me2 and H3K4me3 were not greatly affected (Fig-Cellure S1D). Consistent with previous reports, major and minor sat-
ellite repeats that compose centric and pericentric heterochro-
matin increased H3K9me3 levels during differentiation (Martens
et al., 2005; Meshorer et al., 2006; Wong et al., 2009), whereas
H3K9me2 occupancy was not greatly affected. These changes
were accompanied by a reduction of major and minor satellite
transcripts (Figure S1E), which are normally repressed in differ-
entiated cells (Efroni et al., 2008). We conclude that formation
of rDNA heterochromatin takes place during ESC-NPC transition
and timely coincides with the switch to a higher condensed het-
erochromatic form of centric and pericentric repeats.
TIP5 Is Recruited to rDNA during ESC Differentiation
To determine how rDNA heterochromatin is established during
ESC differentiation, we measured the association of upstream
binding factor UBF, an essential rDNA transcription factor that
exclusively binds to unmethylated, euchromatic rRNA genes,
and of TIP5, which associates with methylated silent rDNA (San-
toro and Grummt, 2001; Santoro et al., 2002). UBF occupancy at
rDNA was lower in NPCs than in ESCs (Figure 1F), a further indi-
cation that the number of euchromatic active rRNA genes de-
creases during differentiation. In contrast, TIP5 binds to rDNA
only in NPCs but not in ESCs (Figure 1F). Similarly, PARP1, pre-
viously shown to interact with TIP5 and implicated in the forma-
tion of rDNA heterochromatin (Guetg et al., 2012), increases its
association with the rDNA promoter in NPCs. Thus, establish-
ment of rDNA heterochromatin in ESC-NPC transcription is
accompanied by a decrease in the association of factors specific
to active genes and an increase in the binding of components of
the rDNA silencing machinery.
TIP5 protein and mRNA levels were higher in ESCs than in
NPCs (Figure 1G), implying that the lack of rDNA heterochro-
matin in ESC is independent of TIP5 amounts. We then analyzed
the TIP5 cellular localization (Figure 1H; Figure S2). Consistent
with previous results, TIP5 was exclusively localized within
nucleoli of somatic MEFs, as indicated by the colocalization
with the nucleolar protein UBF (Strohner et al., 2001). In contrast,
the cellular localization of TIP5 in ESCs was predominantly
nucleoplasmic and often excluded from the nucleoli. Upon differ-
entiation, TIP5 was drastically reduced in the nucleoplasm and
exclusively localized within the nucleoli of NPCs, showing a
cellular localization that is characteristic of somatic cells (Fig-
ure 1H; Figure S2). We conclude that TIP5 association with
rDNA is impaired in ESCs and its recruitment to rDNA is achieved
upon ESC differentiation.
Processing of pRNA Mediates Formation of rDNA
Heterochromatin
We reasoned that impairment of TIP5 binding to rDNA might be
responsible for the lack of rDNA heterochromatin in ESCs. Previ-
ous studies implicated the lncRNA pRNA in TIP5 nucleolar reten-
tion and association with rDNA (Mayer et al., 2006). pRNA is a
250–300 nucleotide transcript corresponding to main rDNA pro-
moter sequences and derives from processing of the 2 kb long
IGS-rRNA (Mayer et al., 2006; Santoro et al., 2010) (Figure 2A).
Measurements of pRNA sequences in ESCs and at different
times of differentiation did not reveal remarkable differences be-
tween ESCs andNPCs (Figure 2B). However, this approach does
not allow distinguishing between IGS-rRNA and mature pRNA.Stem Cell 15, 720–734, December 4, 2014 ª2014 Elsevier Inc. 721
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Figure 1. Establishment of rDNA Heterochromatin Occurs during ESC Differentiation and Correlates with the Recruitment of TIP5 to rDNA
(A) qRT-PCR. Nanog and Pax6 mRNA levels in ESCs and NPCs. Data were normalized to Rps12 mRNA.
(B) CpG methylation levels at rDNA promoter in ESCs, NPCs, and mouse brain tissues.
(legend continued on next page)
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that unprocessed transcript levels were higher in ESCs than in
NPCs (Figure 2B), suggesting that IGS-rRNA processing is less
efficient in ESCs than in NPCs. To support these results, we
measured ectopic IGS-rRNA and pRNA derived from an IGS-
rRNA reporter gene plasmid that was transfected in NIH 3T3
cells, proficient for IGS-rRNA processing (Santoro et al., 2010),
and in ESCs. Whereas ectopic IGS-rRNA was efficiently pro-
cessed in NIH 3T3 cells (80%), maturation of pRNA was strongly
reduced in ESCs (Figure 2C). Taken together, these results indi-
cate that IGS-rRNA is not efficiently processed in ESCs and is
thus less abundant in NPCs than in ESCs.
To test whether the lack of IGS-rRNA processing is the deter-
minant that impairs formation of rDNA heterochromatin in ESCs,
we transfected in vitro synthesized mature pRNA in ESCs and
monitored TIP5 cellular localization, rDNA methylation, rDNA
transcription, and H3K9me2 and H3K9me3 levels at rDNA (Fig-
ure 3). In ESCs transfected with pRNA, TIP5 decreased in the
nucleoplasm and accumulated within nucleoli, as indicated by
the colocalization with the nucleolar protein UBF (Figure 3A; Fig-
ure S3). Remarkably, the addition of pRNA in ESCs induced
formation of heterochromatic rDNA as demonstrated by the
reduction of rDNA transcription and the increase of both
H3K9me2 and CpG methylation levels at the rDNA promoter
(Figures 3B–3D; Figure S4). The modest increase in CpGmethyl-
ation (from 1.7% to 4.4%) can also be attributed to the 2i
conditions, recently described to lead to pronounced reduction
in DNA methylation due to the downregulation of the de novo
methyltransferases DNMT3a and DNMT3b (Leitch et al., 2013).
Consistent with previous studies showing that TIP5 mediates di-
methylation but not trimethylation of H3K9 at rRNA genes (Guetg
et al., 2010; Santoro and Grummt, 2005), ectopic pRNA did not
increase H3K9me3 levels at rDNA (Figure 3D; Figure S4). These
results indicate that addition of pRNA in ESCs is sufficient to
guide TIP5 to rDNA and to establish rDNA heterochromatin.
To determine how pRNA guides TIP5 to rDNA, we mutated
pRNA sequences that were previously implicated in rDNA
methylation and TIP5 association in somatic cells (Mayer et al.,
2008; Schmitz et al., 2010). We mutated the T0 element
(pRNADT0) that was previously described to form dsDNA:RNA
triplex, a structure implicated in de novo rDNA methylation
through recruitment of DNMT3b (Schmitz et al., 2010) and pro-
posed as guiding module for TIP5 targeting to rDNA (Bierhoff
et al., 2013). Similarly to wild-type pRNA, pRNADT0 induced
recruitment of TIP5 to nucleoli, promoted rDNA methylation
and reduced rDNA transcription (Figures 3A–3C; Figure S3).
Thus, pRNA-mediated nucleolar targeting of TIP5 and establish-
ment of rDNA heterochromatin formation in ESCs is not medi-
ated by rDNA:pRNA triplex. Accordingly, replacement of the
50-pRNA region, including T0 element, (hybrid, Control-pRNA)(C) qRT-PCR. rRNA transcription (45S pre-rRNA levels) in ESCs, NPCs, and NIH
(D) CpG methylation levels at rDNA promoter in mouse fibroblasts and iPSCs.
(E and F) ChIP. H3K9me2, H3K9me3 and H3K27me3, UBF, TIP5, and PARP1
independent experiments were normalized to input and rDNA promoter value in
(G) Tip5 mRNA (qRT-PCR) and protein levels (immunoblot) of ESCs and NPCs.
titration was loaded and only the lanes with same protein amounts are shown.
(H) TIP5 cellular localization in MEFs, ESCs, and NPCs after 8 days of differentia
All error bars represent the SD of two (when indicated) or three independent exp
Cellinduced TIP5 nucleolar localization (Figure 3E; Figure S3). In
contrast, replacement of 30-pRNA sequences (hybrid, pRNA-
Control), important for stem loop structure formation and the
association with TIP5 in vitro (Mayer et al., 2008), impaired nucle-
olar localization of TIP5. Remarkably, point mutations that
disrupt the stem loop structure (pRNA loop destroyed) were
not efficient in recruiting TIP5 to the nucleoli whereas a compen-
satorymutation allowing hairpin formation did (pRNA loop recov-
ered). Together, these results indicate that pRNA guides TIP5 to
rDNA in trans through the hairpin structure and that addition of
mature pRNA to ESCs is sufficient to establish rDNA heterochro-
matin. We conclude that the impairment of IGS-rRNA processing
that abrogates formation of mature pRNA is the major determi-
nant causing the euchromatic state of all rRNA genes in ESCs.
TIP5-TTF1 Association Is Mediated by pRNA and
Impaired by IGS-rRNA
To determine why IGS-rRNA is unable to promote recruitment of
TIP5 to rDNA, we determined whether TIP5 binds to IGS-rRNA
using EMSA competition assays. Consistent with previous re-
sults, pRNA had a higher affinity for TIP5 compared to control
RNA (Mayer et al., 2006) (Figure 4A). Surprisingly, TIP5 associ-
ates better with IGS-rRNA than with pRNA. To determine
whether TIP5 preferentially associates with other IGS-rRNA
sequences than pRNA, we analyzed TIP5 binding to IGS-rRNA
sequences located upstream of the pRNA region. Spacer and
enhancer RNA associate with TIP5 much less efficiently than
pRNA (Figure S5A), suggesting that TIP5 binds to IGS-rRNA
through the pRNA sequence and that upstream sequences
might stabilize the complex throughweak interactions. Together,
these results indicate that TIP5 binds to IGS-rRNA and suggest
that impairment of TIP5 recruitment to rDNA in ESCs might
depend on the context of this interaction.
The requirement of the pRNA loop structure for nucleolar tar-
geting of TIP5 (Figure 3) let us hypothesize that pRNA binding to
TIP5 might favor the association with a docking protein for the
recruitment to rDNA promoter and that IGS-rRNA might hinder
this process. One important TIP5 interacting protein is the tran-
scription terminator factor TTF1 (Ne´meth et al., 2004; Strohner
et al., 2001). TTF1 is a nucleolar protein that binds to terminator
(T) elements, including the T0 sequences at rDNA promoter, and
is implicated in several rDNA regulatory processes (Evers and
Grummt, 1995; Gerber et al., 1997; La¨ngst et al., 1997). The
association of TIP5 with TTF1 and its dependency on TTF1 for
rDNA promoter binding proposed that TTF1 recruits TIP5 to
rDNA (Ne´meth et al., 2004; Santoro and Grummt, 2005; Strohner
et al., 2001). However, whether and how pRNA is implicated in
this process has so far not been investigated. TTF1 binds to
RNA (Figure 4B), forming high-molecular-weight complexes.
However, in contrast to TIP5, TTF1 did not display any3T3. Data were normalized to Rps12 mRNA.
occupancy. Evx1, Zfpm2, and Gapdh represent control genes. Data of two
ESCs.
Data were normalized to Rps12 mRNA or PARP1 protein levels. Protein level
tion by immunofluorescence. Nucleoli are depicted by UBF signal.
eriments. See also Figures S1 and S2.
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Figure 2. IGS-rRNA Is Not Efficiently Processed in ESCs
(A) Schema representing the mouse 50-rDNA organization: Spacer promoter (gray), intergenic spacer region (blue), rDNA main promoter (red), and transcription
start sites of IGS-rRNA (1997) and 45S pre-rRNA (+1). Arrows represent primers used to perform RT (1;20/1) and to quantitatively amplify the indicated rDNA
sequences (2–7).
(B) qRT-PCR. Levels IGS-rRNA and pRNA sequences of ESCs and NPCs (from days 2 to 6, from the beginning of differentiation). Data of two independent
experiments were normalized to Rps12 mRNA and to ESC values.
(C) Schema depicts the IGS-rRNA reporter plasmid. Black arrows represent primers used to perform RT (10) and to amplify plasmid sequences (8 and 9). Blue and
red arrows (2 and 6) indicate primers hybridizing to rRNA sequences as described in (A). NIH 3T3 and ES cells were transfected with IGS-rRNA reporter plasmid.
Data from three experiments are represented as values of amplifications with primers 2 and 8 (IGS-rRNA) normalized to amplifications with primers 6 and 9
(IGS-rRNA+pRNA).
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The Nucleolus Regulates ESC Chromatinpreferential binding to pRNA sequences (Figure 4C). In ESCs,
TTF1 is bound to rDNA promoter and is localized within nucleoli
as in differentiated cells (Figures S5B and S5C). To determine
whether the association of TIP5 with TTF1 is regulated by
pRNA or IGS-rRNA, we performed pull-down assays using puri-
fied RNA-free His-tagged TTF1 (aa.1-210, containing TIP5-inter-
acting region) and GST-tagged-TIP5 (aa. 332-723, comprising
the RNA- and TTF1-interacting regions) (Mayer et al., 2006;
Ne´meth et al., 2004). Immobilized GST-TIP5332–723 was incu-724 Cell Stem Cell 15, 720–734, December 4, 2014 ª2014 Elsevier Inbated with no RNA, or with equivalent moles of RNAs and
analyzed for the interaction with His-TTF11–210. In the absence
of RNA and in the presence of RNA control, TIP5 and TTF1 did
not associate (Figure 4D). In contrast, TIP5-pRNA complexes
displayed a strong interaction with TTF1, indicating that pRNA
is required for TIP5-TTF1 association. Remarkably, TIP5 bound
to IGS-rRNA did not interact with TTF1. Consistent with the
role of 30-pRNA sequences in TIP5 nucleolar targeting, this re-
gion was sufficient for TIP5-TTF1 interaction while the 50-pRNAc.
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(legend on next page)
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tion of TIP5 with TTF1 and that unprocessed IGS-rRNA prevents
this interaction. Based on these results, we propose that the un-
processed IGS-rRNA in ESCs abolishes the interaction of TIP5
with TTF1, thus preventing TIP5 targeting to rDNA and nucleolar
heterochromatin formation.
The Epigenetic State of Nucleolar Chromatin Affects
ESC Chromatin and Pluripotency
Our previous studies showed that somatic cells depleted of TIP5
reduced silent epigenetic modifications at rDNA and at major
and minor satellites and lack condensed heterochromatin adja-
cent to nucleoli (Guetg et al., 2010). Further structural alterations
observed upon TIP5 knockdown, such as enlargement of nucle-
olar surfaces, reduction of nucleoli number, and formation of few
decondensed DAPI-stained heterochromatic foci, resembled
ESC chromatin organization (Figure 5A). To determine whether
formation of rDNA heterochromatin affects the open chromatin
of ESCs, we performed transmission electron microscopy to
analyze and quantify the volume of heterochromatin associated
to nucleoli in ESCs upon addition of pRNA (ESCs+pRNA) (Fig-
ure 5B; Figure S5D). Consistent with the loss of perinucleolar het-
erochromatin upon TIP5 knockdown in somatic cells (Guetg
et al., 2010), ESCs+pRNA increased the amounts of condensed
heterochromatin around nucleoli, displaying a structural organi-
zation like it is found in NPCs (Figure S5E). In line with these re-
sults, ESCs+pRNA increased H3K9me2 not only at rDNA, but
also at major and minor repeats and at LINE elements while
IAP transposons were not significantly affected (Figure 3D; Fig-
ure S4). H3K9me3 levels drastically increased atminor andmajor
satellites while remaining unchanged at LINE L1 elements and
IAP transposons and, as expected, at rDNA. Among the four
performed experiments, we observed an inverse correlation
between H3K9me2 and H3K9me3 levels at minor and major
repeats (Figure S2), suggesting a two-step process that is initi-
ated with H3K9me2 (the activity brought to rDNA by TIP5 (San-
toro and Grummt, 2005)) and is further completed at major and
minor satellite sequences with the establishment of H3K9me3.
ESCs+pRNA increased the total amount of H3K9me2 to levels
similar to those observed during ESC-NPC transition (Figure 5C).
This result is in agreement with a previous work showing acqui-
sition of large regions of H3K9 methylation during differentiation,
which affects at least 30% of the genome (Wen et al., 2009). In
contrast, the global H3K9me3 content was not altered in NPCs
and ESCs+pRNA. Because terminally differentiated cells were
previously described to contain elevated H3K9me3 levels (Haw-
kins et al., 2010), our results with NPCs most likely represent the
epigenetic state at early differentiation time points. The elevatedFigure 3. Mature pRNA Is Required for the Establishment of rDNA Het
(A) Mature pRNA induced recruitment of TIP5 to ESC nucleoli. Immunofluoresce
synthesized RNA control, pRNA, and pRNADT0.
(B) Mature pRNA promotes rDNA promoter CpG methylation in ESCs. Error bars
(C) Mature pRNA decreased rRNA synthesis in ESCs. rDNA transcription weremea
of two independent experiments.
(D) Mature pRNA increased silent histone modifications at rDNA and centric-pe
experiments. Data are represented as bound over input in ESCs+pRNA normaliz
(E) pRNA loop structure mediates TIP5 recruitment to ESC nucleoli. Immunofluor
indicated pRNA mutants.
See also Figure S3.
726 Cell Stem Cell 15, 720–734, December 4, 2014 ª2014 Elsevier Inheterochromatic content of ESCs+pRNAwas also accompanied
by a reduction of minor satellites transcription as found during
ESC differentiation (Figure S1E), whereas transcription of LINE
and IAP elements was not greatly affected (Figure 5C). Taken
together, these results suggest that tethering heterochromatin
at rDNA via pRNA in ESCs initiates structural remodeling toward
a highly condensed nuclear heterochromatin, a structure that
ESCs normally acquire during differentiation.
We next addressed how the increased heterochromatic con-
tent mediated by pRNA affects ESC properties. ESCs+pRNA
did not show alterations in important molecular features of the
undifferentiated state such as cell proliferation, expression of
the pluripotency genes Oct4, Nanog, and stage-specific embry-
onic antigen 1 (SSEA1), cell morphology, and alkaline phospha-
tase (AP) staining (Figures 6A–6D, and data not shown). To
determine whether addition of pRNA affects pluripotency in vivo,
we performed teratoma formation assays. ESCs+pRNA mark-
edly decreased their capability to form teratoma compared to
ESCs transfected with RNA control or with a pRNA mutant that
is unable to recruit TIP5 to nucleoli (Figure 6E). Remarkably, ter-
atomas derived from ESCs+pRNA showed a drastic reduced
volume but displayed differentiation into all three germ layers
(Figures S6A and S6B). Because ESCs were transiently trans-
fected, we assume that teratomas obtained from ESCs+pRNA
originated from untransfected cells, which is supported by the
reduction in volume of these teratomas. To get insights into
the loss of pluripotency, we analyzed transcription profiles of
ESCs+pRNA and ESCs+RNA-control by RNaseq and found up-
regulation of 532 transcripts and downregulation of 509 tran-
scripts in ESCs+pRNA (Table S1 available online). We carried
out functional annotation analysis of transcripts whose levels
were altered in ESCs+pRNA using DAVID tools (Huang et al.,
2009) (Figure 6E; Table S1). The top eight gene ontology terms
were all related to cell developmental and differentiation pro-
cesses. Enrichment for these processes was particularly evident
for transcripts upregulated in ESCs+pRNA, suggesting that
addition of pRNA promotes expression of genes involved in
cell differentiation and developmental processes. To exclude
the possibility of pRNA off-target effects, we transfected a
mutant pRNA unable to associate with TIP5 and analyzed
transcription of Btg3 and Rdh10, two genes upregulated in
ESCs+pRNA and known to be implicated in neurogenesis and
embryonic differentiation (Cammas et al., 2007; Yoshida et al.,
1998). In contrast to pRNA, the pRNA mutant was unable to
affect Btg3 and Rdh10 transcript levels (Figure S6C), indicating
that upregulation of genes implicated in cell differentiation and
the developmental processes is specifically mediated by a fully
functional pRNA that is able to associate with TIP5, guide it toerochromatin
nce with anti-TIP5 and anti-UBF antibodies in ESCs transfected with in vitro
represent the SD of three independent experiments.
sured by qRT-PCR and normalized toRps12mRNA. Error bars indicate the SD
ricentric sequences of ESCs. Box-and-whisker plot of four independent ChIP
ed to values measured in ESCs+RNA control.
escence with anti-TIP5 and anti-UBF antibodies of ESCs transfected with the
c.
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Figure 4. pRNA Mediates TIP5-TTF1 Inter-
action
(A) TIP5 binds to IGS-rRNA. Increasing equal
moles of in vitro transcripts corresponding to
control, pRNA, and IGS-rRNA sequences were
used to compete for binding of TIP5332–723 to
radiolabelled run-off transcripts from pBluescript
(MCS-RNA). RNA/protein complexes were
analyzed by EMSA.
(B) TTF1 binds to RNA. Increasing equal moles of
full-length TTF1 and TIP5332–723 were analyzed for
binding to radiolabeled MCS-RNA by EMSA.
(C) TTF1 does not show preferential binding to
pRNA. Binding of full-length TTF1 to radiolabeled
MCS-RNA was completed with increasing equal
moles of RNA control and pRNA.
(D) TIP5-TTF1 interaction is mediated by pRNA
and impaired by IGS-rRNA. Schema representing
the GST-pull-down strategy used to analyze TIP5-
TTF1 interaction in the presence of equivalent
moles of RNAs. Pull-down assay. Bound proteins,
GST, GST-TIP5, and His-TTF1, were detected with
anti-GST and anti-His antibodies, respectively.
See also Figures S5A–S5C.
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The Nucleolus Regulates ESC ChromatinrDNA, and establish rDNA heterochromatin. Together, these re-
sults indicate that the elevated heterochromatic content induced
by formation of nucleolar heterochromatin through pRNA impairs
pluripotency and highlight the role of the nucleolus in the control
of ESC chromatin plasticity that is required for the maintenance
of the undifferentiated state.
To further explore the role of nucleolar chromatin in ESCs, we
analyzed the differentiation capacity of cells depleted of TIP5.
ESCs depleted of TIP5 by siRNA reduced TIP5 levels to 50%
(Figures 7A and 7B). Upon TIP5 knockdown, ESCs proliferatedCell Stem Cell 15, 720–734,less but displayed unaltered expression
of Oct4, Nanog, and Rex1, exhibited the
typical cell morphology of ESCs and
were positive for AP staining (Figures
7B–7E). Similar results were obtained
with other siRNA-TIP5 sequences (data
not shown). To determine whether TIP5
depletion affects ESC differentiation, we
treated an equal number of siRNA-control
and -Tip5 treated ESCs with their respec-
tive siRNAs and induced monolayer dif-
ferentiation upon withdrawal of 2i and
LIF (Figure 7A). After 3 days, control
cells displayed morphological structures
typical of differentiated cells, whereas
cells depleted of TIP5 underwent cell
death and detached from the plate (Fig-
ures 7F–7H). The majority of the few
siRNA-TIP5 cells that remained attached
to plates showed ESC-like morphology
and were positive for AP staining (Figures
7G and 7H; Figure S7). The effects
observed with TIP5 depletion were spe-
cific for differentiated cells because
ESCs double-treated with siRNA-Tip5and cultured in 2i and LIF did not show any defect in viability
(data not shown). These results indicate that TIP5 is required
for ESC differentiation and suggest that the establishment
of nucleolar heterochromatin is an event required for early
differentiation.
DISCUSSION
The remodeling of the open and euchromatic genome structure
of ESCs toward a highly condensed heterochromatic formDecember 4, 2014 ª2014 Elsevier Inc. 727
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Figure 5. Mature pRNA Induces Global Remodelling toward Heterochromatic Structures
(A) Immunofluorescence showing heterochromatin (DAPI) and nucleoli (UBF) of NIH 3T3 cells stably expressing shRNA-control and -Tip5 sequences, and ESCs.
(B) Mature pRNA induced formation of condensed heterochromatin in ESCs. Transmission electron microscopy analysis. Representative images showing
nucleolus-associated heterochromatin in ESCs+Control and ESCs+pRNA. The contrast procedure reveals in dark condensed heterochromatic structures (Het);
25–34 nucleoli of ESCs+RNA control and ESCs+pRNA of two independent experiments were selected at random. The volume of nucleolus-associated
heterochromatin was expressed as a percentage of the volume of the nucleolus (Nu). Heteroscedastic two-tailed t test was used to compare the groups. See also
Figures S5D and S5E.
(C) Immunoblot of H3K9me2, H3K9me3, and histone H3 of chromatin fractions of ESCs, NPCs, ESCs+RNA-control, and ESCs+pRNA. Values from three in-
dependent experiments were normalized to histone H3 levels. Protein level titration was loaded and only the lanes with same histone amounts are shown.
(D) qRT-PCR of major and minor satellite, LINE, and IAP retrotrasposon transcripts in ESCs+RNA-control and ESCs+pRNA. Values from two independent
experiments were normalized to Rps12 mRNA.
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The Nucleolus Regulates ESC Chromatincharacterizes the exit from pluripotency and the progression into
differentiated states. ESC open chromatin correlates with a glob-
ally permissive transcriptional state contributing to the develop-
mental plasticity and pluripotency of the ESC genome that has to
have the ability to enter any distinct differentiation pathway
(Gaspar-Maia et al., 2011). We determined here that the nucle-
olus is not only the place where ribosomes are produced, but it728 Cell Stem Cell 15, 720–734, December 4, 2014 ª2014 Elsevier Inalso plays a role in regulating genome architecture and pluripo-
tency. Using mature pRNA as a mean to specifically tether het-
erochromatin at nucleoli of ESCs, we showed that the formation
of heterochromatin at rRNA genes, the genetic component of
nucleoli, has the ability to initiate the establishment of repressive
chromatin structures at regions of the genome located outside of
the nucleolus (Figure 7I). This process includes the formation ofc.
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(legend on next page)
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The Nucleolus Regulates ESC Chromatinhighly condensed heterochromatic structures clustering in
proximity to nucleoli as found in differentiated cells. Such archi-
tectural remodeling is also evidenced by a global increase
in H3K9me2, maturation of heterochromatin at repetitive
sequences, and their transcriptional repression. These are
characteristic features of the switch between pluripotency and
differentiation. Although we cannot define which is the first event
that globally initiates the formation of heterochromatin at the exit
from pluripotency and entry into differentiation, our results place
the nucleolus as an important regulator of this process. The
establishment of rDNA heterochromatin during differentiation
timely coincides with the formation of highly condensed hetero-
chromatic structures and LOCKs (Meshorer and Misteli, 2006;
Wen et al., 2009). This was particularly evident for the maturation
of constitutive heterochromatin at major and minor satellite re-
peats, which displayed the same timing as rDNA for the acquisi-
tion of histone repressive marks and transcriptional repression
upon ESC differentiation.
While showing some of the molecular outlines of the undiffer-
entiated cells, pRNA-mediated heterochromatic ESCs tran-
scribe genes implicated in differentiation processes and are no
longer pluripotent. This observation highlights the role of the
euchromatic organization in ESC identity and suggests that
nucleolar chromatin is an important regulator of the pluripotent
state. Likewise, impairing the formation of rDNA heterochromat-
in by TIP5 knockdown inhibits ESC differentiation, suggesting
that the establishment of nucleolar heterochromatin is a neces-
sary step for the switch from a lower to a higher order chromatin
structure and lineage commitment.
How does the nucleolus influence heterochromatin formation?
Due to the proximity of rDNA and centromeric sequences at
rDNA-bearing chromosomes (Dev et al., 1977; Kurihara et al.,
1994), the effect of rDNA heterochromatin on chromatin struc-
tures at major and minor repeats might in part be explained
through spreading mechanisms. However, centromeres of chro-
mosomes not containing rRNA genes also associate with the
nucleolus at a frequency more than expected for a random dis-
tribution (Carvalho et al., 2001), indicating the existence of alter-
native mechanisms that establish heterochromatin at sequences
that are further away from rDNA loci. In this case, the establish-
ment of rDNA heterochromatin might allow the formation of a
nucleolar/perinucleolar compartment enriched in chromatin
repressor complexes that would be attractive for genomic re-
gions that need to be repressed. Anchoring of heterochromatin
at the nucleolus might have similar function like the ones
described for the nuclear periphery that is responsible for the
integrity of mammalian heterochromatin (Pinheiro et al., 2012;
Towbin et al., 2012). Consistent with this, genomic regions local-
ized at the lamina (LADs) were shown to relocate after cell divi-Figure 6. pRNA Impairs ESC Pluripotency
(A) Nanog and Oct4 mRNA levels in ESCs+RNA control and ESCs+pRNA (
Rps12 mRNA.
(B–D) (B) SSEA-1 immunostaining, (C) cell morphology, and (D) AP staining of ES
(E) ESCs+pRNA are not pluripotent. Efficiency of teratoma formation was assess
tumor volumes measured at the time when control animals were killed.
(F) Mature pRNA induced expression of genes implicated in cell differentiation and
using DAVID for genes regulated, and upregulated and downregulated in ESCs+
See also Figure S6.
730 Cell Stem Cell 15, 720–734, December 4, 2014 ª2014 Elsevier Insion either at the lamina or at the nucleolus (Kind et al., 2013),
suggesting interchangeable roles in establishing andmaintaining
heterochromatic states.
This study also provides evidence that rRNA genes do not only
function in synthesizing rRNA. Silent rRNA repeats, present in all
somatic cells, maintain their heterochromatic state indepen-
dently of transcriptional activity, and are stably propagated
throughout the cell cycle (Conconi et al., 1989). Our results indi-
cated that the epigenetic state of rRNA genes contributes to nu-
clear architecture and cellular functions such as pluripotency
and differentiation by controlling the balance between hetero-
chromatin and euchromatin. Interestingly, rDNA deletions in
Drosophila result in reduced heterochromatin elsewhere in the
genome and the extent of the rDNA deletion correlates with the
loss of silencing in much the same manner as mutations in
known protein heterochromatin components (Paredes andMag-
gert, 2009).
Very little is understood about how specific lncRNAs selec-
tively seek out interaction sites in the genome, the nature of
lncRNA-chromatin interactions, and their possible functional
roles (Rinn and Chang, 2012). This work underlined the role of
lncRNA in targeting epigenetic regulatory processes at specific
genomic loci leading to the establishment of chromatin confor-
mation patterns that ultimately result in the fine control of genes.
We show that the regulation of pRNA precursor IGS-rRNA pro-
cessing is a key determinant for the control of the epigenetic
state at rDNA and propose that the processing represents a
mean of lncRNA regulation to modulate distinct functions of
the same lncRNA. We determined that IGS-rRNA processing is
a developmentally regulated process and that its impairment in
ESCs prevents recruitment of TIP5 to rDNA and formation of
rDNA heterochromatin. Although the mechanisms that impair
IGS-rRNA processing in ESCs are yet to be determined, our re-
sults demonstrated that mature pRNA is necessary to establish
rDNA heterochromatin. We showed that pRNA-mediated target-
ing of TIP5 occurs through DNA-protein recognition rules.
Whereas IGS-rRNA abolishes the association of TIP5 with
TTF1, pRNA promotes this interaction that serves to guide the
complex to the rDNA promoter and to establish nucleolar hetero-
chromatin. Thus, the same lncRNA can prevent or promote pro-
tein complex assembly and its processing controls the switch
between these functions. Based on these results, it would not
be surprising if processing emerges as a more general mecha-
nism of lncRNA regulation.
In summary, our data underline the contribution of chromatin
structure in ESC pluripotency and differentiation potential and
indicate that the nucleolus is a key regulator of nuclear architec-
ture and chromatin structure, which serves to control cell plurip-
otency and lineage commitment.qRT-PCR). Values from two independent experiments were normalized to
Cs+RNA control and ESCs+pRNA.
ed by the number of teratomas generated versus expected (injections) and by
development. Top eight biological process gene ontology terms as determined
pRNA.
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mESC Culture
One hundred twenty-nine mouse embryonic stem cells (E14 line) were
cultured in N2B27 media (Dulbecco’s modified Eagle’s medium [DMEM]
F12, neurobasal medium, N2/B27 supplements, 2 mM L-glutamine with
Pen/Strep, b-Mercaptoethanol) supplemented with recombinant leukemia
inhibitory factor, LIF (ESGRO, 1000 U/ml) and MEK and GSK3b inhibitors,
2i (Stemolecule CHIR99021 and PD0325901, 3 mM and 1 mM, respectively).
Cells were seeded at a density of 50,000 cells/cm2 in culture dishes (Corning
CellBIND surface) treated with 0.1% gelatine without feeder layer. Propaga-
tion of cells was carried out every 2 days using Trypsin 0.53 for enzymatic
cell dissociation.
mESC Differentiation
mESCs were differentiated to neural progenitor cells according to a previ-
ously established protocol (Bibel et al., 2004). In brief, differentiation used a
suspension-based embryoid bodies formation (Bacteriological Petri Dishes,
Bio-one with vents, Greiner). The neural differentiation media (DMEM, 10%
fetal calf serum, 13 MEM NEAA, 2 mM L-glutamine with Pen/Strep, b-mer-
captoethanol) was filtered through 0.22 mm filters and stored at 4C. During
the 8-day differentiation procedure, media was exchanged every 2 days. In
the last 4 days of differentiation, the media was supplemented with 2 mM
retinoic acid to generate neural precursors that are Pax-6-positive radial
glial cells.
Immunocytochemistry
ESCs or differentiated cells were grown on gelatin-coated coverslips and per-
meabilized with 0.05% Triton X-100 in 20 mMTris-HCl (pH 8), 5 mM MgCl2,
0.5 mM EDTA, and 25% glycerol. After washing, cells were fixed with cold
methanol (7 min) and stained with anti-TIP5 (Diagenode) and anti-UBF
(SantaCruz) antibodies and DAPI (Molecular Probes), and immunofluorescent
images were digitally recorded.
Transmission Electron Microscopy
Cells were first fixed with 2.5% glutaraldehyde, dehydrated in an ethanol
series, transferred to methanol, and immersed into a freshly prepared mixture
of methanol and acetic anhydride (5:1, v/v) at 25C for 24 hr in the dark (Tandler
and Solari, 1982; Testillano et al., 1991). Cells were then washed in pure
methanol for 20 min, transferred in ethanol and embedded in Epon (Sigma).
Ultrathin (50 nm) sections were contrasted with 5% aqueous uranyl acetate
for 60 min at room temperature and examined with a CM100 transmission
electron microscope (FEI).
The volume of nucleolus-associated heterochromatin was estimated using
the Cavalieri-estimator (Gundersen et al., 1988; West, 2012). Volume esti-
mates were performed for samples of 25 to 34 nucleoli selected at random
from each electron microscopy sample of two independent experiments.
Nucleoli were selected independent of their size or shape in the electronmicro-
scopy montages. The volume of nucleolus-associated heterochromatin was
expressed as a percentage of the volume of the corresponding nucleolus.
Due to unequal variances of heterochromatin volumes in control and experi-
mental cells, a heteroscedastic two-tailed t test was used to compare the
groups (p = 7.6 3 109).Figure 7. Depletion of TIP5 Impairs ESC Differentiation
(A) Schema showing the experimental strategy for TIP5 knockdown in ESCs.
(B) Tip5, Oct4, Nanog, and Rex1 mRNA levels in ESCs depleted of TIP5.
(C) TIP5 knockdown affects ESC proliferation. Data represent relative cell numbe
(D and E) (D) Cell morphology and (E) AP staining of ESCs treated with siRNA-co
(F–H) (F) Cell morphology and AP staining of cells after 3 days of differentiation.
entiated (+/), and not differentiated (); and (H) stained (+), partially stained (+/
(I) Model showing the chromatin organization of the nucleus and nucleolus of ES
ESCs, IGS-rRNA is not processed with consequent lack of mature pRNA. The un
recruitment to rDNA and causing the euchromatic state of all rRNA genes. Upon di
productive for TIP5 targeting to rDNA and formation of heterochromatin at nucleo
highly condensed and repressive chromatin structures at region outside the nucle
plasticity of ESCs and set up a genome organization that favors cell lineage spe
732 Cell Stem Cell 15, 720–734, December 4, 2014 ª2014 Elsevier InEMSA
Radiolabeled MCS-RNA was synthesized by T7 RNA polymerase using
pBluescript-KS(+)/EcoRI as template. After treatment with DNase I, transcripts
were purified and 50,000 cpm of MCS-RNA were incubated for 15 min on ice
with 40 ng recombinant TIP5 or TTF1 in EMSA buffer (20 mM Tris-HCl [pH 8.0],
5 mM MgCl2, 100 mM KCl, and 0.2 mM EDTA). Cold competitor RNA was
added, and incubation was continued for 30 min. RNA-protein complexes
were analyzed by electrophoresis on 6% (w/v) native polyacrylamide gels
and depicted with autoradiography.
For detailed methods, list of antibodies, and tables of primers, see the Sup-
plemental Experimental Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and one table and can be found with this article online at
http://dx.doi.org/10.1016/j.stem.2014.10.005.
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